B
ipolar cells are classified as either on-center (ON) or offcenter (OFF), according to their signaling response to increments or decrements of light intensity (1) (2) (3) (4) . Bipolar cells are also designated as either rod or cone, on the basis of their synaptic input from rod or cone photoreceptors, respectively, although a subset of mouse OFF-cone bipolar (CB) cells has been recently shown to contact rod photoreceptors directly (5) (6) (7) . Mammalian CB cells have either ON or OFF physiology and synapse with corresponding ON and OFF ganglion cells in the inner plexiform layer (IPL) (3, 4) . In contrast, all rod bipolar (RB) cells are thought to display ON physiology and, for the most part, do not contact ganglion cells. Rather, RB signals are relayed to ganglion cells through AII amacrine cell-mediated contacts between RB cells and both ON-and OFF-CB cells (4) . This organization allows a single cohort of ganglion cells to subserve both rod and cone vision. Despite their name, therefore, CB cells are essential for the transmission of both rod-and cone-generated visual signals in mammals.
We have previously shown that the retinal expression of the homeobox gene, Vsx1, is restricted to differentiating and mature CB cells (8) . Vsx1 is a paired-like homeo-and CVC-domain transcription factor (8) (9) (10) (11) (12) whose homologues, including ceh-10 in nematodes (13) and Chx10 in mammals (14, 15) , are essential for sensory interneuron specification or maintenance. Because the retinal expression of Vsx1 is first detected in the mouse at postnatal day 5 in presumptive CB cells, we have suggested that this gene may be required for the differentiation as well as the maintenance of these interneurons (8) . The molecules that regulate bipolar cell differentiation are largely unknown; the few molecules whose function in bipolar cell development has been determined (14, 16) or examined (17) , appear to mediate bipolar cell specification and͞or maintenance.
A requirement for the human VSX1 gene in visual signaling has been suggested by the presence of mild subclinical electroretinography (ERG) b͞a-wave ratio defects in subjects carrying dominant VSX1 missense mutations (18) , but the cellular and physiological basis of these defects is unknown. These ERG abnormalities may result from inner retinal defects, consistent with the expression of the human and mouse VSX1͞Vsx1 gene in CB cells (8, 10) . To determine the role of Vsx1 in CB development and activity, we generated mice carrying Vsx1 null alleles and examined the biochemical, cellular, and physiological consequences of the loss of Vsx1 function.
Materials and Methods
Immunostaining. Immunostaining of mouse retinal sections was performed as described (8) . A table of antibodies and modifications of the immunostaining protocol is presented in Supporting Text, which is published as supporting information on the PNAS web site.
histological level (see Fig. 8 , which is published as supporting information on the PNAS web site). Because no corneal expression of Vsx1͞VSX1 has been observed (refs. 8 and 18 and data not shown), the pathogenesis of the VSX1-associated human corneal dystrophies is unclear.
To determine whether the formation of CB cells was disrupted by the loss of Vsx1 function, ␤-galactosidase (␤-gal) expression was examined in Vsx1-LacZ mice. ␤-gal immunofluorescence in the retina of adult mice heterozygous (Fig. 1 C-G, I ) or homozygous (Fig. 1B) for the LacZ allele was restricted to a subset of cells in the outer tier of the inner nuclear layer, where CB cells normally reside. This expression is consistent with the immunohistochemical localization of the Vsx1 protein (8), which we estimate to be present in 60-70% of all CB cells (R.L.C. and R.R.M., unpublished data). In both heterozygotes and homozygotes, axonal labeling revealed cells with projections terminating in the IPL, in locations that have been shown to be characteristic of OFF-and ON-CB cells (1) (2) (3) [Fig. 1B (arrow and arrowhead,  respectively) , and D-G]. Moreover, in the Vsx1 LacZ ͞ϩ retina, OFF-CB ␤-gal expression was detected in at least two morphologically distinct cell types similar to those recently described in the mouse (6) (Fig. 1 D-G) .
To confirm that the ␤-gal-positive CB-like cells in the Vsx1 LacZ ͞ Vsx1 LacZ retina were bipolar cells, we examined the expression of the pan-bipolar markers Chx10 (14) and Ret-B1 (21) . All ␤-galpositive cells in the Vsx1 LacZ ͞Vsx1 LacZ retina expressed both pan-bipolar markers ( Fig. 2 A and B) , indicating that the ␤-galpositive cells were indeed bipolar interneurons. Notably, the ␤-galpositive cells in the Vsx1-null retina did not express the RB marker PKC␣ (22) , indicating that they had not adopted a RB cell fate (Fig.  2C) . The overall number of bipolar cells was also unchanged in the Vsx1-null mutants ( Fig. 1L ; see Methods in Supporting Text), and the number of putative CB cells labeled by ␤-gal in the Vsx1 LacZ ͞ Vsx1 LacZ retina was comparable to the number of Vsx1-immunostained cells in the Vsx1 ϩ/ϩ and Vsx1 LacZ ͞ϩ retina (Fig.  1M) . Altogether, the above findings indicate that the specification, gross morphology, and viability of at least the great majority of ONand OFF-CB cells do not require Vsx1 function.
Although the number of Vsx1-immunostained nuclei in the heterozygous Vsx1 LacZ ͞ϩ retina was comparable to that of wild-type littermates (Fig. 1M) , we observed, unexpectedly, that the number of cells that expressed ␤-gal in the heterozygous Vsx1 LacZ ͞ϩ retina was substantially lower than in the homozygous mutant (Fig. 1 , compare C to B; M; see Fig. 9 , which is published as supporting information on the PNAS web site). This reduction in the number of ␤-gal-staining cells in Vsx1 LacZ ͞ϩ heterozygotes was not due to the possibility that the expression of Vsx1 in mammalian retina is monoallelic (i.e., from either the wild-type Vsx1 allele alone or from the Vsx1 LacZ allele alone, but not both), because single cells expressing both Vsx1 and ␤-gal were evident ( Fig. 1 H-J, arrows) . Furthermore, the reduced number of ␤-gal staining cells was not due to the Vsx1 LacZ ͞ϩ heterozygotes having only a single copy of the LacZ allele vs. two in the homozygous mutants, because the number of ␤-galstaining cells in the retinas of Vsx1 ⌬1-4 ͞Vsx1 LacZ compound null mice was comparable to the homozygous Vsx1 LacZ ͞Vsx1 LacZ retina ( Fig. 1 K and M) . The reduced ␤-gal staining in the heterozygous Vsx1 LacZ ͞ϩ retina therefore suggests that the retinal expression of Vsx1 is regulated in a Vsx1-dependent manner.
To establish whether Vsx1 regulates, directly or indirectly, the expression of proteins characteristic of CB cells, we examined the expression of five CB cell markers in the Vsx1-null retina. In the mutant retina, the expression of three OFF-CB markers was greatly reduced: recoverin ( Fig. 3 A and B) (23, 24) , NK3R ( Fig.  3 C and D) (24, 25) , and Neto1 ( 
Methods in Supporting Text).
Although the expression of these markers was completely extinguished in the majority of cells in the Vsx1-null retina, their expression persisted, to varying degrees, in a very small subset of ␤-gal-expressing cells (Fig. 11 , which is published as supporting information on the PNAS web site). These findings establish that in the great majority of OFF-CB cells, the expression of recoverin, NK3R, and Neto1 is entirely regulated, directly or indirectly, by Vsx1: in a small minority of OFF-CB cells, the expression of these three proteins is only partially regulated by Vsx1. Additional evidence of the molecular heterogeneity of OFF-CB cells (24) was apparent from the observation that a variable number of NK3R-and CaB5-positive cells did not express ␤-gal ( Fig. 11 B and D) .
We also observed that the expression of a fourth marker, the ON-and OFF-CB protein CaB5 (Fig. 3 G-J) (24) , was moderately reduced in the OFF-CB cell population of Vsx1-null mice. However, the reduction in expression was apparent only in retinal sublamina a (Fig. 3 G-J, bracketed regions), a region of the IPL occupied by the axonal termini of OFF-CB cells (1) (2) (3) . This reduction in CaB5 staining was associated with a severe reduction of the well-defined unstained region that normally separates the CaB5-immunostained axonal termini of RB and ON-CB cells (24) (Fig. 3 H and J; compare region between dashed lines on the left).
To ascertain whether the abnormalities in CaB5-staining reflect the absence of the axonal termini of OFF-CB cells or gross disruptions in their structure or organization, we also examined the structure of these axons by staining for PMCA1, an OFF-CB marker that normally colocalizes with CaB5 (24) . The overall expression of PMCA1 and distribution of the axonal termini expressing PMCA1 were both normal ( Fig. 3 K and L) .
To determine whether the molecular abnormalities in the CB cells of Vsx1-mutant mice were accompanied by changes in retinal function, ERG experiments were performed (Fig. 4) ; the brief (20-ms) flashes used in these experiments merge the ON and OFF components of the ERG into a single b-wave (27) . All of the major rod responses (Fig. 4) were comparable between wild-type and the Vsx1-mutant animals. The only alteration observed in Vsx1-mutant mice was a selective loss of b-wave amplitude, in response to white flashes eliciting a mixed rodand-cone response (Fig. 4 B and D) . Furthermore, and consistent with a Vsx1-gene dosage effect, b-wave amplitudes from heterozygous mice were observed to lie between wild-type and Vsx1-null values (Fig. 4D) . Although the cone b-wave amplitude from Vsx1-null mice was reduced below that of wild-type mice (Fig. 4C) , this reduction did not reach statistical significance due to small and variable cone a-wave amplitudes among mice, which precluded use of the same type of b͞a-wave normalization used with mixed rod-cone responses. These ERG studies demonstrate a selective effect of Vsx1 loss-of-function on the ERG b-wave and suggest that the mutant mice have a cone-dependent abnormality in bipolar interneuron function.
Because the reduced b-wave in Vsx1 mutant mice suggested a disruption of bipolar interneuron function, we asked whether the output of visual signals from the retina was affected by the loss of Vsx1 activity. Retinal output was assessed by performing single-unit recordings from ganglion cells in an in vitro intact retina-eyecup preparation (28) (Fig. 5 ). We were able to categorize ganglion cells of the Vsx1-null retina into the same physiological groups previously reported (20) for wild-type mouse retina, suggesting that the full cohort of ganglion cell types (B.V. and S.A.B., unpublished work) remained responsive There was no difference between wild-type and Vsx1-null mice in the responses of the ganglion cells to low (scotopic) stimulus intensities, but the responses of ganglion cells in Vsx1-null mice were markedly reduced to stimulus intensities above the cone threshold; t test, P Ͻ 0.05 for intensities above 100 Rh*͞rod per second (Rh*͞rod, time-average rate of photoisomerizations per rod). Data points indicate averages and standard errors of 48 ON͞37 OFF ganglion cell recordings from Vsx1-null retinas and 48 ON͞24 OFF ganglion cell recordings from wild-type retinas.
in the absence of Vsx1 activity (data not shown). In addition, ganglion cell threshold responses in the Vsx1-null retina revealed no changes in the thresholds of rod-and-cone photoreceptors (Fig. 5A) . Whereas ON ganglion cells in the Vsx1-null retina displayed spike activity indistinguishable from that in wild-type retinas (t test, P Ͼ 0.1 for all intensity levels), there was a clear abnormality in OFF ganglion cells (Fig. 5 C and D) . The spike activity of OFF ganglion cells in Vsx1-null and wild-type retinas were identical at scotopic intensity levels (i.e., with rod signaling only), but the same cells in the Vsx1-null retina showed a significant reduction in spike activity at intensity levels above cone threshold. These results demonstrate a specific requirement for Vsx1 activity in OFF visual signaling and are consistent with the ERG defects in the Vsx1 mutants, which suggested an impairment in the transmission of cone-generated signals.
Discussion
We have identified essential roles for Vsx1 in late stages of CB cell differentiation and visual signaling. In mice lacking Vsx1 function, a selective impairment of late differentiation was evident from substantial reductions in the expression of at least four OFF-CB cell proteins (recoverin, NK3R, Neto1, and CaB5). The normalcy of PMCA1 immunostaining, however, demonstrates that Vsx1 is not essential for the expression of all OFF-CB proteins. Furthermore, the absence of Vsx1 function had no noticeable effect on ON or OFF rod signaling or on cone signaling in the ON pathway. Rather, Vsx1 was critical only for the function of the OFF visual pathway and specifically for its ability to transmit cone visual signals. A model of the role of Vsx1 function in retinal bipolar interneuron development is presented in Fig. 6 .
Although a number of genetic abnormalities of the ON visual pathway have been reported (20, (29) (30) (31) (32) (33) (34) , the effect of the loss of Vsx1 function reported here is the initial description of a heritable OFF visual pathway-specific abnormality. Our findings suggest that the mild subclinical reduction in the ERG b͞a-wave ratio observed in humans with dominant VSX1 missense mutations (18) is the result of OFF-CB cell dysfunction that reflects the incomplete terminal differentiation of these cells. Further characterization of vision defects in Vsx1 Ϫ/Ϫ mice, by behavioral and͞or visual evoked potential studies, will allow firmer definition of the retinal phenotype likely to be present in humans with a complete loss of VSX1 function.
The molecular basis of the defect in OFF-CB signaling in the Vsx1-null retina remain to be identified, but our studies provide substantial insight into the role of Vsx1 in the retina. First, the photopic light-evoked activity in OFF ganglion cells suggests there is diminished excitatory drive from OFF-CB cells in the mutant mice. However, the scotopic OFF ganglion cell responses were normal. Because the scotopic OFF responses are mediated through the same OFF-CB cells as photopic light-evoked responses (1-3), the reduced OFF-CB signaling is not likely to be due to a defect in cell structure or in signal transmission, such as voltage-regulated transmitter release from the axonal termini of OFF-CB cells to ganglion cells. Furthermore, the gross structure and the axonal projections of OFF-CB cells appeared normal in Vsx1-null mice, as shown by both ␤-gal and PMCA1 immunostaining (although we cannot rule out the possibility that a small fraction of OFF-CB cells is missing in the Vsx1-null retina or that the loss of Vsx1 function results in subtle OFF-CB axonal arborization defects). Consequently, the OFF ganglion cell abnormality would appear to arise from Vsx1-dependent changes in OFF-CB cells at sites proximal to their axonal termini.
Second, although central roles for yet-unidentified Vsx1-dependent proteins are fully possible, the OFF-CB signaling defects may arise from the decreased expression of recoverin, NK3R, Neto1, or CaB5, because the biochemical functions of these proteins in bipolar cells are poorly defined. Whether the abnormalities in CaB5 staining reflect reduced CaB5 production in OFF-CB cells or result from abnormal localization of the CaB5 protein in the axonal termini of OFF-CB cells is unclear. Because the ␣-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid glutamate receptors GluR1 and -2 and the kainate glutamate receptor GluR5 are present in putative OFF-CB cells at the flat contacts of cone synaptic terminals (24, 35) , we examined the expression of these proteins by immunostaining but observed no abnormalities (data not shown).
Third, in contrast to the abnormalities in photopic OFF responses observed in Vsx1-null mice, scotopic OFF responses were normal, indicating that Vsx1 activity and the expression of recoverin, NK3R, Neto1, and CaB5 are not critical for the major known rod OFF signaling pathways (4, 6, 7, 36) . Because Vsx1 is not expressed in all CB cells, however, and because no markers that label all OFF-CB cells are currently known, it is not possible at present to determine whether Vsx1 expression identifies all OFF-CB cells, or only a subset. Consequently, the absence of any detectable rod-signaling defect in the OFF pathway of Vsx1-null mice may be due to compensation by a population of non-Vsx1-expressing OFF-CB cells.
Fourth, our findings suggest that ON-CB function is either not critically dependent on or is independent of Vsx1 function. Thus, ON ganglion cell responses were normal in Vsx1-null retinas stimulated in the scotopic, mesopic, or photopic light ranges. Moreover, we identified only subtle abnormalities in the putative ON-CB axonal termini region of the mutant mice by using CaB5 immunolabeling. The current lack of specific markers for ON-CB cells (24) prevented us from determining, at a molecular level, whether ON-CB cell differentiation was also disrupted in Vsx1 mutants. Alternatively, some ON-CB cells may have molecular defects, and the apparent normalcy of ON-CB signaling may arise from compensatory responses in a population of ON-CB cells that do not normally express Vsx1.
The presence of CB cell defects in Vsx1-null mice provides further evidence of the strong conserved role of CVC-domain transcription factors in sensory interneuron development that has been documented throughout higher eukaryotes (13, 14) . In contrast to the importance of Chx10 in the development of all retinal bipolar cells (14, 15) , however, Vsx1 appears to be required solely for the late differentiation of OFF-CB cells (Fig.  6) . The normal expression of PMCA1 in OFF-CB cells of Vsx1-null mice demonstrates that Vsx1 is essential for the ex- Early roles in pan-bipolar specification and differentiation have previously been established for the Vsx1 homologue Chx10 (14, 15) and the basic helixloop-helix transcription factor genes Mash1 and Math3 (16) . The dashed line and question mark indicate it is unclear whether bipolar cells are first specified as a homogeneous group, which is then further specified into the various bipolar types, or whether each bipolar type is specified independently and directly from a retinal progenitor. Asterisks indicate that multiple OFF-and ON-CB cell types are present: at least three OFF-CB types and one ON type have been identified in mouse (6, 24) .
pression of only a subset of mature OFF-CB cell proteins. Furthermore, the continued expression of three OFF-CB cell markers in a very small subset of OFF-CB cells in Vsx1-null mice demonstrates that, at least in that subset, molecules other than Vsx1 regulate CB gene expression. 9 supporting information X-gal staining is weak in the Vsx1 +/τLacZ heterozygote retina. Enucleated eyes from 7 week-old littermates were fixed for 10 minutes on ice in 4% paraformaldehyde/PBS and stained overnight in 1mg/ml X-gal at 37ºC. Eyes were post-fixed in 4% paraformaldehyde/PBS and frozen sections were prepared. Similar to the βgal-immunofluorescence results ( Fig. 2A-C) , the level of X-gal staining in the heterozygous Vsx1 +/τLacZ retina (B) was considerably lower in intensity and in the number of cells stained compared to the robust X-gal staining in the homozygous Vsx1 τLacZ/τLacZ retina (C). The weak X-gal staining in the Vsx1 +/τLacZ retina suggests that the low level of βgal-immunofluorescence in the Vsx1 +/τLacZ retina is not due to the insensitivity of the βgal antibody. Scale bar, 85 µm. 
Supporting Text

Material and Methods
Generation of Vsx1-targeted mice Gene targeting by homologous recombination was performed in R1 embryonic stem cells (1) using established techniques (2) . Targeting constructs were derived from the pPNT vector (3) containing a neomycin resistance cassette for G418-mediated positive selection and a thymidine kinase cassette for gancyclovir-mediated negative selection of ES cell homologous recombinants. In the ∆1-4 targeting construct, a 4.0 kb SacI/HinDIII fragment spanning a genomic region 5' of Vsx1 exon 1 and extending 86 bp into the coding region of exon 1 was used as a left targeting arm, while a HinDIII fragment spanning a region starting from within the fourth intron and extending 2.5 kb was used as a right arm. The neomycin resistance cassette was located between the two targeting arms, while the thymidine kinase cassette was outside this region (Fig. 1a) . Southern blot analysis for homologous recombinants was performed using the following genomic fragments: for ∆1-4, a 0.7 kb EcoRI/ApaLI genomic probe (Fig. 1a , "p") immediately 3' of the right targeting arm, and for τLacZ, a 1.3 kb SacI/NcoI genomic probe (Fig. 1g , "p") immediately 5' of the τLacZ left targeting arm. A second Southern blot probe on the opposite side of the targeting construct was also used to confirm correct targeting (not shown). Chimeric mice were generated by blastocyst injection of homologous recombinant ES cells (University Health Network, Toronto, ON), and the resulting mice were bred with either the 129S1/SvImJ mouse strain (The Jackson Laboratory, Bar Harbor, ME) or outbred Black Swiss mice (Taconic, Germantown, NY). The mutant rd allele in Black Swiss mice was eliminated by PCR screening (4). Vsx1 PCR genotyping was performed using the following primers: 5' common primer: 5' TTCTAGGCTGTCTAGGTCTC 3' ; 3' wild-type primer: 5' TGATGGCAAAGCTTCGAAGG 3' ; 3' ∆1-4 primer: 5' ATGTGGAATGTGTGCGAGGC 3' ; 3' τLacZ primer: 5' TTGCCTTTACTGACCATGCG 3' . Both the ∆1-4 and τLacZ alleles were transmitted in mice with the expected frequencies. In cells that expressed βgal, axons were efficiently labeled by virtue of the tau-microtubule binding protein portion of the τ-βgal reporter fusion-gene product.
